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I. INTRODUCTION
Joint experimental and computational studies over the past decade have shown that elemental boron clusters possess planar or quasi-planar structures up to unusually large sizes, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] in contrast to bulk boron where three-dimensional (3D) icosahedral B 12 cage units dominate. [12] [13] [14] The planar or quasi-planar boron clusters exhibit great structural diversities, featuring in-plane hypercoordination, 1 circular and elongated geometries, 2, 6 and concentric dual-ring structures, 8 which has been considered as a molecular Wankel motor. 15 It has been established that such structural diversities are a result of the intrinsic electron deficiency of boron, giving rise to π and σ aromaticity/antiaromaticity. [1] [2] [3] [4] [16] [17] [18] The π bonding in boron clusters is further shown to resemble that in the aromatic hydrocarbons, leading to the concept of hydrocarbon analogues of boron clusters.
1, 2, 6-8, 11 Doping boron clusters can yield new species with tunable structural and electronic properties. [19] [20] [21] [22] [23] [24] [25] Among recent works in this direction are the studies on boron dihydride clusters. 26, 27 Using photoelectron spectroscopy (PES) and density-functional theory (DFT) calculations, Wang and co-workers 26 have produced and characterized a series of B n H 2 − (n = 7−12) clusters. Independently, Li and co-workers 27 carried out DFT calculations on a series of boron dihydride clusters including B 4 H 2 , B 8 H 2 , B 12 H 2 , and their anions. These works concluded that B n H 2 − and B n H 2 clusters possess planar, elongated, ladder-like double-chain structures terminated by a hydrogen atom on each end. It a) Electronic addresses: hj.zhai@sxu.edu.cn and lisidian@sxu.edu.cn. b) Electronic mail: lai-sheng_wang@brown.edu.
was shown that in these dihydride species a rhombic B 4 unit, which effectively contributes two delocalized π electrons, appears to be equivalent to a C=C unit in polyenes. This establishes an interesting analogy between boron dihydride clusters and the conjugated polyenes, and polyboroene was coined to designate this new class of boron compounds. 26 Boronyl (BO) has a strong B≡O triple bond [28] [29] [30] comparable to that in CN. Recent studies have shown that BO group dominates the electronic and structural properties of boron-rich oxide clusters. [31] [32] [33] [34] BO as a monovalent σ radical is analogous to H, suggesting a new route to design novel boron oxide clusters. In particular, the boron dioxide clusters, B n+2 O 2 − or B n+2 O 2 , are expected to be isolobal to the B n H 2 − or B n H 2 clusters. 26, 27 Here we report the observation and characterization of a series of boron dioxide clusters, B x O 2 − (x = 7−14), using PES and theoretical calculations. These dioxide clusters and their corresponding neutrals are shown to possess elongated double-chain structures with two boronyl groups attached terminally and can be formulated as B n (BO) 2 − and B n (BO) 2 (n = 5−12). Theoretical calculations further suggest that even larger elongated boron dioxide clusters are possible, such as B 16 (BO) 2 and B 20 (BO) 2 . The electron affinities (EA) of B n (BO) 2 are found to follow a 4n periodic pattern, indicating the rhombic B 4 unit as the building block in the boron nanoribbons. Both π and σ conjugations are found in these nanoribbon clusters, which is not known in hydrocarbon molecules. It is noted that the double-chain boron nanoribbons are the favored structural features in a variety of proposed low-dimensional boron nanostructures, such as the tubular boron clusters, 3, 5 the B 80 fullerene, 35 and the most stable form of monolayer boron sheet.
II. METHODS

A. Photoelectron spectroscopy
The experiment was carried out using a magnetic-bottle PES apparatus equipped with a laser vaporization cluster source, details of which were described in Ref. 41 . Briefly, B x O y − clusters were produced using a disk target made of enriched 10 B isotope (99.75%) in the presence of a helium carrier gas seeded with 0.01% O 2 and analyzed using a time-of-flight mass spectrometer. The B x O 2 − (x = 7−14) species were each mass-selected and decelerated before being photodetached. The PES spectra were obtained at 193 nm (6.424 eV) from an ArF excimer laser. PES data at 266 nm (4.661 eV) from an Nd:YAG laser were also obtained (mostly not shown) and were used to obtain more accurate binding energies. The PES spectra were calibrated using the known spectra of Au − and Rh − , and the resolution of the apparatus was E k /E k ≈ 2.5%, that is, ∼25 meV for 1 eV kinetic energy electrons.
B. Computational methods
The DFT calculations were carried out at the hybrid B3LYP level 42 with the 6-311++G(d,p) basis sets. 43 Vibrational analyses were performed to confirm that all doublechain B n (BO) 2 − and B n (BO) 2 (n = 4−12) clusters are true minima. Electronic excitation energies of the neutral clusters were calculated using the time-dependent DFT (TDDFT) method 44, 45 at the anion ground-state geometries. Singlepoint CCSD(T) calculations [46] [47] [48] were done using the same basis sets at the B3LYP geometries to further refine the ADEs and VDEs. All calculations were performed using the Gaussian 09 package. 49 Molecular orbitals were visualized using Molekel 4.3.
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III. RESULTS
A. Experimental results
The PES spectra of B x O 2 − (x = 7−14) are shown in Fig. 1 . The ground state adiabatic (ADE) and vertical (VDE) detachment energies are given in Table I . The ground state ADE that defines the EA of the neutral cluster is obtained from the 0−0 transition for the vibrationally resolved ground state band X. For those spectra without vibrational resolution, the ADEs are evaluated by drawing a straight line along the leading edge of band X and then adding the instrumental resolution to the intersection with the binding energy axis. Higher VDEs are given in Tables SI and SII in the supplementary material, 51 where they are compared with the theoretical data.
All PES spectral features observed for B x O 2 − (x = 9−14) are remarkably similar to those reported previously for the corresponding dihydrides, 26 H 2 B n − (n = 7−12), respectively, except that the electron binding energies of the dihydrides are lower by ∼1 eV. The spectral similarities suggest that the B x O 2 − clusters should have similar structures as the dihydrides and should be formulated as B n (BO) 2 − with two boronyl groups as σ radicals. The EA of BO is much higher than that of the H atom. 30, 52 Hence, the BO σ radical should be much more electron-withdrawing relative to the H atom, resulting in much higher electron binding energies observed for the oxides. Vibrationally resolved PES bands are observed for a number of species, that is, the X band for B 8 Table SIII . 51 Weakly populated isomers are clearly observed in the cases of B 12 O 2 − (the X feature in Fig. 1(f) ) and B 14 O 2 − (the X feature in Fig. 1(h) ). As will be shown below, the intense A and B bands observed for B 11 O 2 − ( Fig. 1(e) ) are also due to a nearly degenerate isomer (Table SII and Fig. S1 ). 51 Interestingly, even the spectral features from the isomers are similar to those observed for the corresponding B n H 2 − species, 26 suggesting that the diboronyl and dihydride boron clusters have similar potential landscapes.
B. Theoretical results
As already hinted by the PES spectra, we initially only optimized a set of structures at the B3LYP/6-311++G(d,p) level for the boron dioxide anion clusters with two boronyls, B n (BO) 2 − (n = 5−12), as shown in Fig. 2 , which are analogous to the ladder-like B n H 2 − clusters. The B 4 (BO) 2 − cluster was studied previously 53 and is included here for comparison. Similar structures for the B n (BO) 2 neutral species were also optimized and are given in Fig. S2 . 51 The diboronyl type of structures for the boron dioxide clusters were also reported for n = 5−8 in a previous computational study. 34 For B 9 (BO) 2 − , we considered a variety of structures based on two BO units bonded to different positions on the B 9 molecular wheel (Fig. S1) .
1, 51 One structure based on a distorted B 9 wheel with C 1 symmetry was found to be competitive with the double-chain C 2 structure, within ∼1 kcal/mol at the single-point CCSD(T)//B3LYP/6-311++G(d,p) level. Nonetheless, their calculated first VDE values are very different from each other, 4.59 eV for C 1 versus 3.98 eV for C 2 at the B3LYP level (Table SII) , 51 which ensure that such isomeric structures can be easily identified without ambiguity in the PES spectrum. All double-chain ladder-like B n (BO) 2 − and B n (BO) 2 clusters adopt planar structures with D 2h , C 2h , or C 2v symmetries, except for B 5 (BO) 2 − and B 9 (BO) 2 − , which undergo slight out-of-plane distortion, resulting in C 2 symmetry. The out-of-plane distortion of B 9 (BO) 2 − is exactly the same as that found in B 9 H 2 − . 26 For even n clusters, the two BO groups are in trans positions, whereas for odd n clusters they are in cis positions, similar to the dihydrides. Several alternative anion and neutral structures (not shown) were also considered for all B n (BO) 2 − and B n (BO) 2 (n = 5−12) clusters. As mentioned above, the isolobal analogy between the diboronyls and dihydrides and the similarity between the PES spectra of the dioxides and the dihydrides allowed us to bypass extensive structural searches usually necessary to find the global minima for such complicated systems. 
IV. COMPARISON BETWEEN EXPERIMENT AND THEORY
The calculated ground state ADEs and VDEs for B n (BO) 2 − (n = 5−12), at both the B3LYP/6-311++G(d,p) and single-point CCSD(T)//B3LYP/6-311++G(d,p) levels, are compared with the experimental data in Table I . The B3LYP results are in good agreement with the experimental data, with errors of less than ∼0.2 eV. Indeed, for the majority of these values, the B3LYP results are within ∼0.1 eV of the experimental data. The single-point CCSD(T) values are slightly lower than those at B3LYP in most cases, which are also in overall good agreement with experiment within ∼0.1 eV. It may be stated that the B3LYP and single-point CCSD(T) methods perform equally well for the current system. More detailed comparisons of the calculated excitedstate transitions with the experiment are given in Tables SI  and SII . 51 The experimental VDEs can be viewed as the electronic fingerprint of a cluster. The double-chain nanoribbon structures shown in Fig. 2 reproduce well the experimental PES patterns for all the B n (BO) 2 − (n = 5−12) clusters, confirming these structures as their global minima. The experimentally resolved vibrational frequencies are compared with the calculated symmetric modes for the neutral ground state structures in Table SIII , 51 showing also good agreement between experiment and theory.
The VDEs for the first and second detachment channels from the second isomer of B 9 (BO) 2 − (C 1 ; Fig. S1 and Table SII) 51 are also in excellent agreement with the observed A and B bands (Fig. 1(e) ), whereas the VDEs for the C 2 ribbon structure are in good agreement with the remaining spectral features. The second detachment channel of the C 2 B 9 (BO) 2 − corresponds to band C, giving rise to a large energy gap between the first and second detachment channels, resembling exactly the spectral features for B 9 H 2 − . 26 As discussed for the B 9 H 2 − case, the large gap for B 9 (BO) 2 − suggests that its HOMO is relatively unstable, which causes the out of plane distortion. Removing the two electrons should result in a much more stable and perfectly planar B 9 (BO) 2 + species, similar to B 9 H 2 + . 26 The much weakly populated isomers for B 10 The experimental and theoretical EAs of B n (BO) 2 and B n H 2 (n = 4−12) are displayed in Fig. 3 , revealing a regular 4n periodicity. This observation suggests that the rhombic B 4 unit plays an essential role in the double-chain nanoribbon structures. In particular, the low EAs for B 4 X 2 , B 8 X 2 , and B 12 X 2 (X = H and BO) concur with their large HOMO-LUMO gaps, indicating highly stable neutral species. The chemical bonding in the B n (BO) 2 − and B n (BO) 2 nanoribbons can be elucidated through MO analyses (Figs. 4 and  S3 ) 51 and adaptive natural density partitioning (AdNDP) analyses (Fig. 5) . 54 We found that, similar to the corresponding dihydrides, the B 4 (BO) 2 , B 8 nanoribbons possess one, two, and three delocalized π MOs, respectively, which resemble those in ethylene, 1,3-butadiene, and 1,3,5-hexatriene (Fig. 4) . Therefore, these boron dioxide clusters can be considered as boronyl analogues of the conjugated polyenes, similar to the bonding revealed recently in the B n H 2 − /B n H 2 clusters. 26, 27 Polyboroenes have been coined for the boron dihydride nanoribbons. 26 Hence, the dioxides are boronyl polyboroenes, where the rhombic B 4 unit is equivalent to a C=C unit in the polyenes. Figure 5 presents the AdNDP analyses for all the closedshell neutral and anionic species of the boron dioxide nanoribbons for n = 4−12. The AdNDP represents the bonding of a molecule in terms of n-center two-electron (nc-2e) bonds, with n ranging from one to the total number of atoms in the molecule. 54 AdNDP thus recovers the classical Lewis bonding elements (lone pairs and 2c-2e bonds), as well as the nonclassical nc-2e delocalized bonds. As in pure boron clusters, 1-11 the B−B bonds in the periphery in the nanoribbons are described by 2c-2e bonds, whereas the bonding between the two boron rows in the nanoribbons is via delocalized σ and π bonds. As shown in Fig. 5 , the delocalized π bonds are over B 4 rhombus units in B 4 (BO) 2 , B 8 (BO) 2 , and B 12 (BO) 2 . Other nanoribbons at different charge states exhibit similar π bonding patterns as these three prototypical polyboroenes.
B. σ conjugation in polyboroenes
The delocalized σ bonds in the B n (BO) 2 − clusters (Figs. 5 and S3) 51 are similar to the delocalized π bonds, suggesting σ conjugation in the boronyl polyboroenes, in addition to the π conjugation. There are no known cases of σ conjugation in hydrocarbon molecules. Thus, the σ conjugation in the polyboroenes is quite unique as a new bonding feature. As shown in Fig. 5 , the partition of the π or σ bonds alters, depending on the size and the charge state of the boronyl polyboroenes. In the ideal cases when the number of π bonds differs from that of σ bonds, such as in B 8 (BO) 2 and B 12 (BO) 2 , the π and σ bonds are delocalized over alternating B 4 units in the boron ribbon framework, giving rise to a more balanced bonding pattern throughout the nanoribbons. This bonding pattern results in the highly stable B 8 (BO) 2 and B 12 (BO) 2 boronyl polyboroenes. In cases when the number of π bonds is equal to that of the σ bonds, the π and σ bonds are delocalized over the same B 4 unit, as seen in B 6 (BO) 2 and B 10 (BO) 2 (Fig. 5) . This bonding pattern gives rise to more 
C. Possibility for larger polyboroenes
We note that the double-chain nanoribbon structures are also the key structural elements in the proposed B 80 cage 35 and the 2D boron sheets. 36 Therefore, much longer polyboroenes terminated by BO may be possible. The strong electron-withdrawing capability of BO relative to H hints that boronyl polyboroenes should be more stable than the hydride polyboroenes. In the boronyl polyboroenes, the intramolecular Coulomb repulsion between two BO groups offers a driving force to elongate the clusters to the nanoribbon shapes. Furthermore, the π orbitals in the terminal BO groups can also participate in the π conjugation in the nanoribbon clusters, thus providing additional stabilization to the nanoribbon system.
As suggested by the 4n periodicity (Fig. 3) , the next expected stable boronyl polyboroenes should be B 16 (BO) 2 and B 20 (BO) 2 . We thus carried out preliminary calculations at the B3LYP level and found that these two nanoribbons are indeed highly stable among the alternative structures located in our structural searches (Fig. S4) . 51 The B 20 (BO) 2 boronyl polyboroene is about ∼1.5 nm in length. The delocalized MOs of these two boronyl polyboroenes are given in Fig. S5 in the supplementary material 51 and their AdNDP bonding patterns are shown in Fig. 6 . Thus, B 16 (BO) 2 and B 20 (BO) 2 are boronyl analogues of the larger polyenes, H(CH=CH) n H (n = 4, 5), respectively.
VI. CONCLUSIONS
A series of boron dioxide clusters, B n (BO) 2 − and B n (BO) 2 (n = 5−12), are produced and characterized via photoelectron spectroscopy and quantum chemical calculations. The electron affinities of B n (BO) 2 display a 4n periodicity, implying that the rhombic B 4 unit is the natural structural building block in the boron dioxide clusters. These clusters are shown to possess double-chain nanoribbon structures with lengths ranging from 2.7 to 8.9 Å, with the two boronyl groups bonded at each end. The π bonding in these nanoribbons is analogous to polyenes and they thus belong to a new class of boronyl polyboroenes. Preliminary theoretical calculations suggest that even larger boronyl polyboroenes, B 16 (BO) 2 and B 20 (BO) 2 , are viable, extending the nanoribbon length to ∼1.5 nm. These clusters may be viewed as molecular zippers, in which two boron atomic-chains are bonded together via π and σ double conjugations, a unique bonding feature unknown in hydrocarbons. The new boron nanoribbons may serve as novel molecular wires, as well as precursors for low-dimensional boron nanostructures.
